Although the neural locus of strabismic amblyopia has been shown to lie at the first site of binocular integration, first in cat and then in primate, an adequate mechanism is still lacking. Here we hypothesise that increased temporal dispersion of LGN X-cell afferents driven by the deviating eye onto single cortical neurons may provide a neural mechanism for strabismic amblyopia. This idea was investigated via single cell extracellular recordings of 93 X and 50 Y type LGN neurons from strabismic and normal cats. Both X and Y neurons driven by the non-deviating eye showed shorter latencies than those driven by either the strabismic or normal eyes. Also the mean latency difference between X and Y neurons was much greater for the strabismic cells compared with the other two groups. The incidence of lagged X-cells driven by the deviating eye of the strabismic cats was higher than that of LGN X-cells from normal animals. Remarkably, none of the cells recorded from the laminae driven by the non-deviating eye were of the lagged class. A simple computational model was constructed in which a mixture of lagged and nonlagged afferents converge on to single cortical neurons. Model cut-off spatial frequencies to a moving grating stimulus were sensitive to the temporal dispersion of the geniculate afferents. Thus strabismic amblyopia could be viewed as a lack of developmental tuning of geniculate lags for neurons driven by the amblyopic eye. Monocular control of fixation by the non-deviating eye is associated with reduced incidence of lagged neurons, suggesting that in normal vision, lagged neurons might play a role in maintaining binocular connections for cortical neurons.
Introduction
Strabismic amblyopia, a loss a visual acuity associated with a deviating or ''turned'' eye, currently has no well-accepted neural mechanism. This is despite knowledge of amblyopia since the 9th century (Von Noorden, 1996) , with George-Louis Leclerc, Conte de Buffon, credited in the 18th C with proposing the forced penalization of the eye with good acuity to treat the loss of acuity in the amblyopic eye. Animal models of amblyopia, in both cat and monkey, have also been investigated for over 50 years in terms of mechanisms of neural plasticity and manipulations such as form deprivation (Blakemore & Eggers, 1978; Blakemore & Van Sluyters, 1974; Hubel & Wiesel, 1964 , 1970 . Such models have instantiated ideas of binocular competition and critical periods of plasticity into the literature. However, the loss of spatial acuity found for the deviating eye in strabismic amblyopia is not very well fit by the theories based on visual competition. Indeed, strabismus created in the early post-natal period of kittens by simple disinsertion (tenotomy) of the lateral rectus muscle (resulting in an esotropia) is characterized by:
(i) No loss of acuity in retinal ganglion cells (Cleland et al., 1982) nor in cells of the lateral geniculate nucleus (LGN) (Gillard-Crewther & Crewther, 1988) , nor cellular shrinkage in LGN neurons driven by the strabismic amblyopic eye (Cleland et al., 1982) ; (ii) A cortical ocular dominance distribution that is relatively well balanced between the non-deviating and amblyopic (deviating) eye with a reduction of binocularly driven neurons in primary visual cortex (Crewther & Crewther, 1990; Freeman & Tsumoto, 1983; Hubel & Wiesel, 1965 (iii) An initial locus of primary visual cortex, (Crewther & Crewther, 1990) , with an average acuity loss of one octave; (iv) The small population of binocularly driven neurons in primary visual cortex in strabismic cat show different acuities through stimulation of the two eyes (Crewther & Crewther, 1990 ; (v) Observation that the receptive field (RF) sizes of neurons driven through the amblyopic eye are not significantly larger than those through the non-amblyopic fellow eye (Crewther & Crewther, 1990; Freeman & Tsumoto, 1983) .
The literature contains other models of strabismus in cat. For example, surgical myectomy of the muscle mass of the lateral rectus results in physiological amblyopia in both LGN (Ikeda & Wright, 1976) and retinal ganglion cells (Crewther, Crewther, & Cleland, 1985; Ikeda & Tremain, 1979) as well as LGN cell shrinkage (Tremain & Ikeda, 1982) in laminae driven by the strabismic eye. Another preparation involves suturing to hold the misalignment in place (essentially recession), however, it is not clear whether the procedure involves some paralysis with unintended consequences.
Also, optical misalignment produced in cat (Van Sluyters & Levitt, 1979 , 1980 and monkey (Smith et al., 1997) results in loss of binocularity but without creation of an amblyopic state.
In primate, many of the findings in strabismic monkeys are similar (Kiorpes & Movshon, 1996; Sengpiel & Blakemore, 1996) , once the obvious differences in primary visual cortex between cat and monkey in terms of neural type and binocularity differences have been taken into account. Human studies of amblyopia have begun to take advantage of modern neuroimaging techniques. These demonstrate that the progression from the amblyopic eye towards higher processing levels in cortex is associated with successive impairment of information quality (Muckli et al., 2006) .
Theories of amblyopia
Leading theories of amblyopia have invoked properties such as suppression (Li et al., 2011) , spatial jitter (Kozma & Kiorpes, 2003) , undersampling or shifts in spatial scale (Levi, 1988) and impairment in global form (Hess et al., 1999) and global motion processing (Kiorpes, 2006; Simmers et al., 2003) to explain the loss of spatial acuity. In connectivity studies, activity of a small group of amblyopes (mixed strabismic, anisometropic and form deprived) showed generally less BOLD derived signal in both feedforward and feedback modes through the amblyopia eye compared with the fellow eye (Li et al., 2011) . This promising technique needs to be repeated for a sample of strabismic amblyopes as animal models of form deprivation would suggest an underconnectivity of LGN with all afferent projections. Under-sampling (Levi, 1988) certainly is a valid theoretical cause of amblyopia and has high relevance to deprivation amblyopia and any amblyopias in which the ocular dominance of visual cortex is dominated by the non amblyopic eye. However, with respect to the cat model of strabismic amblyopia being implemented in this paper has to deal with normal LGN acuities (Gillard-Crewther & Crewther, 1988) as well as balanced cortical ocular dominance distributions (Crewther & Crewther, 1990) . The impairment in global perceptual function (Hess et al., 1999; Kiorpes, 2006; Simmers et al., 2003) represents most likely the involvement of a feedback from higher cortical regions.
In addition, the interocular suppression that accompanies strabismic amblyopia, with input from the strabismic eye habitually suppressed by that from the non-deviating eye has been suggested as a source of lasting alterations in the neural representations derived from the strabismic eye. This could form a further basis for amblyopia (Sengpiel & Blakemore, 1996; Sengpiel et al., 1994) , with the notion of rivalry between columns in striate cortex driven by the two eyes. It still requires a domination of fixation by one of the eyes, as do most theories of amblyopia. Such domination could depend on synchronization of responses that vary between strabismic and fellow eyes (Engel et al., 1990; Konig et al., 1993) .
Recent technical advances in brain stimulation (Thompson et al., 2008) and in perceptual learning (Levi, 2012 , Li et al., 2013 techniques have suggested that strabismic amblyopia may soon be addressed with novel treatments. However, despite the wide range of approaches with identification of primary visual cortex as the initial site of strabismic amblyopia (Crewther & Crewther, 1990; Hess, 1991) and with further embellishment of suppression in downstream processing (Kiorpes & McKee, 1999) , there has been little advance in understanding why primary visual cortical neurons become amblyopic. Here we question whether the focus on spatial properties of neurons in trying to understand a spatial acuity deficit may have obscured investigation of a possible abnormality in the timing of geniculo-cortical signalling in amblyopia. Such temporal aspects of receptive field definition and the relative contribution of latency of firing to spatial properties of neurons have been developed to a sophisticated level (Cai, DeAngelis, & Freeman, 1997; DeAngelis, Ohzawa, & Freeman, 1993) , but have not been applied to amblyopia models.
Lagged LGN cells
In the late 1980s, Mastronarde (1987b) described a bimodal distribution of latencies to half peak amplitudes of firing for cells of the lateral geniculate nucleus (LGN) in paralysed respired cat, suggesting a classification of cat lateral geniculate neuron receptive fields into 'lagged' and 'non-lagged' responses (Humphrey & Weller, 1988; Mastronarde, 1987a Mastronarde, , 1987b . Humphrey and Weller (1988) further suggested that most LGN cells are approximately space-time separable and that the lagged and non-lagged cells represent the modes of a continuous and very broad distribution of temporal responses in the LGN. The function of this temporal dispersion of geniculo-cortical afferents contained in the lagged/non-lagged classification has not been established unequivocally. Saul and Humphrey (1992) suggested that temporal dispersion might be the basis of establishing the emergent property of direction selectivity in cortical cells, based on the finding that strobe-rearing of kittens virtually eliminated cortical receptive fields containing mixed lagged and non-lagged timing. While recent recordings in awake behaving monkey have generalised the phenomenon of the lagged/non-lagged division to primate (Saul, 2008b ) studies of direction selective simple cells have challenged the direction selective rationale for lagged/non-lagged inputs (Peterson, Li, & Freeman, 2004) . However, to date, the existence of a lagged/non-lagged classification of geniculate cells in human is moot.
The temporal response properties of lagged neurons are remarkable for the modifiability of visual latencies by non-visual inputs. Stimulation of the cholinergic input from the reticular formation (Cucchiaro, Uhlrich, & Sherman, 1988; Francesconi, Muller, & Singer, 1988; results in shortening of visual latencies, particularly in the lagged class of LGN neurons. These midbrain projections are thought to subserve arousal, and can dramatically modulate the time course of neural response between periods of low firing rate interjected with low-threshold burst firing and more conventional firing patterns (Lu et al., 1995) . Indeed Uhlrich et al., called into question the existence of lagged neurons as a separate class, with differences in latency postulated to be due to differences in degree of mid-brain activation (Uhlrich, Tamamaki, & Sherman, 1990) . However, direct stimulation studies in paralyzed cats demonstrate that the two classes remain separable, (Hartveit & Heggelund, 1992 Saul & Humphrey, 1990 ). More recently similar stimulation studies in awake behaving monkeys have supported the separate existence of lagged cells (Saul, 2008b ).
Aims
Thus we asked the question: could the temporal dispersion of geniculate afferents play a role in cortical amblyopia -particularly in terms of spatial acuity and visual attention? Pertinent to this question, experimental esotropia leads to a loss of cortical binocularity and acuity through one eye but not to any noticeable change in direction selectivity or numbers of neurons driven by the misaligned eye (Crewther & Crewther, 1990) . The behavioural estimate of amblyopia in the cat tenotomy model is in the range of 1.5-2.0 octaves of spatial frequency (Cleland et al., 1982) , while striate cortical neurons driven by the strabismic eye show, on average, a loss in acuity of about one octave (Crewther & Crewther, 1990) . These cortical neurons are fed by a convergence of LGN afferents with individual acuities (high spatial frequency cut-offs) that are in the normal range for all eccentricities (Gillard- Crewther & Crewther, 1988) . Furthermore the small percentage of binocularly driven striate cortical neurons have reduced acuity through the strabismic cf non-deviating eye, and curiously show no significant difference in the spatial extent of the minimum receptive field plotted for each eye (Crewther & Crewther, 1993) .
In this paper, we analysed the latencies by lagged/non-lagged prevalence of neurons recorded in the late 1980s from the LGN of strabismic and normal cats using a paralysed anaesthetised preparation, and modelled the effects of altered temporal dispersion of afferents on cortical cell spatial acuity.
Materials and methods

Animals
Esotropic strabismus (deviations 5°-20°) was induced in kittens under 2 weeks of age by surgical section of the tendon of the lateral rectus muscle following published protocols (Cleland et al., 1982; Gillard-Crewther & Crewther, 1988) , with eye misalignment appearing after 7-9 days. Such procedures, when behaviourally measured, lead to amblyopia of approximately 1.6 octaves of spatial frequency relatively independent of the angle of squint (Cleland et al., 1982) . Adult eye movements were smooth and free in both eyes and did not indicate any inhibition of motility of the misaligned eye. Four strabismic and six normal cats (adult, 2.0-4.7 kg in weight) were prepared for physiological recording following techniques developed over a number of years and reported in detail in Gillard- Crewther and Crewther (1988) . Briefly, cats were anaesthetised with halothane (4% for induction, 1.5% for maintenance during surgery) in a gaseous mixture of N 2 O (75%) and Carbogen (25%). Tungsten in glass electrodes were positioned vertically over the area centralis projection in the LGN (Sanderson, 1971) . Muscular paralysis was effected with an i.v. Infusion of gallamine triethiodide (Flaxedil -5.0 mg kg À1 h
À1
) and curare (Tubarine -0.5 mg kg À1 h
) in an isotonic saline solution containing dextrose. The animals were respired using a ventilator (using the same gas mixture), for which the flow rate was adjusted such that the maximum expired CO 2 was approximately 4.0%.
The experiments were carried out under approval of the Animal Ethics Committee of the University of New South Wales. The protocols followed for animal holding and experimentation conform to the NIH document ''Principles of laboratory animal care'', as well as the NH&MRC (Australia) ''Australian code for the care and use of animals for scientific purposes''. The animal care and preparation conform with the more recent European guidelines (EU Directive 2010/63/EU).
Single cell recording
Sampling procedures involved advancing the electrode by 100 lm after each receptive field had been analysed before searching for another unit. Penetrations were terminated when both laminae A and A1 of the LGN had been traversed. For the strabismic cats, both hemispheres were usually recorded and the results pooled and analysed with respect to the eye (NON-DEV or STRAB) driving each neuron. Hand plotting of the receptive field using a mouse-controlled spot stimulus on the computer monitor, was used to locate the receptive field centre, and to help identify other parameters such as cell type and receptive field centre polarity (ON or OFF). All receptive fields recorded were within 5°of the foveal projection. Once the receptive field centre was located, a grating stimulus was used to determine the spatial summation properties of the receptive field by phase-reversing the grating. If a position of the grating could be found which generated a null response on reversal (Enroth-Cugell & Robson, 1966) indicative of linearity, the cell was classified as an X-type cell, otherwise Y type for cells that showed distinctly non-linear summation properties. In addition, receptive field properties such as degree of transience of response to a maintained stimulus and receptive field centre size were used to confirm the classification.
A conventional spot stimulus matched to receptive field centre size and position was flashed on the computer monitor using two cycles of 1 Hz frequency, pausing for 4 s. and then repeating, collecting and averaging data from 20 repeats to create post-stimulus time histograms (PSTHs). Spike times were collected using a multipurpose A/D card (National Instruments) under the control of acquisition and processing software written in LabView on a Macintosh computer. The stimulus luminance was 54 cd/m 2 on a background of 3.5 cd/m 2 .
Lagged Non-Lagged classification
Latency to half and full peak amplitude were measured from spike time histograms. Neurons were defined as 'lagged' (L) or 'non-lagged' (NL) on the basis of response latency to half peak-firing rate, based on the criterion (70 ms) for separation into the two classes taken from earlier studies (Humphrey & Weller, 1988; Mastronarde, 1987a Mastronarde, , 1987b Saul & Humphrey, 1990) . Non-lagged neurons were characterised by a relatively strong and immediate initial response, whereas the lagged neurons responses increased over the first 100-200 ms. The cells with shorter latencies to peak firing tended to show an unchanged, or slightly lowered peak firing rate to the second stimulation, while the cells with longer latencies tended to show an increased firing rate to the second stimulation. This is similar to the difference in response reported in non-lagged and lagged cells respectively to the 4-part flashing spot stimulus of Saul and Humphrey (1990) .
A Simple model of cortical convergence
A model was programmed using LabView (National Instruments, USA) in which 4 LGN receptive fields (RF) modelled as difference of Gaussian profiles (with random noise added to the probability of firing) converged on to the one cortical neuron. Variable lags were allowed in this convergence and the effect of the lag dispersion on response to a drifting sinusoidal grating was taken into account in the Stimulus function for the ith afferent:
Stim i ðx; tÞ ¼ A sinðkx À xðt À Lag i ÞÞ with spatial frequency k and temporal frequency x/2p, the response calculated for a range of spatial frequencies through integration of the RF function over space for each time point and measuring the overall modulation of the cortical neuron through a linear combination of the afferent inputs. Receptive field size was taken as an input (giving an overall spatial scale). Lags were distributed in a random fashion between bounds based on the variance as measured in the strabismic population. It should be noted that as the model is intended as a demonstration of concept, it did not try to tease out the differences between NORM, NON-DEV and STRAB cell groups, nor did it attempt to model X and Y cell properties.
Statistical analysis
Statistical analysis (jmp, version 10.0, SAS Corporation) using both nonparametric and log-transformed parametric analysis was used to investigate the distribution of latencies and the prevalence of lagged and non-lagged cell classes between the three treatment groups.
Results
Identification of receptive fields
A total of 143 LGN cells were recorded from laminae A and A1. Of these, 93 were of X-type, while 50 were Y-type -using the criteria of Enroth-Cugell and Robson (1966) based on linearity summation and receptive field response properties. Results from LGN laminae A and A1 were combined and cells were further classified as lagged/non-lagged as per Section 2.3. Forty-nine neurons were driven by the esotropic strabismic eye (STRAB), 24 cells were driven by the non-deviating eye (NON-DEV) and 70 neurons were recorded from the LGN of the normal cats (NORM).
As indicated in Fig. 1 , the mean latency to peak firing varied considerable across the groups. Latency was greatest for the X cells driven by the strabismic eye and least for the non-deviating eye group of cells (both X an Y). Non-parametric testing (used because of the non-normal distribution of latencies) showed a significant difference across the three groups overall (Wilcoxon: v 2 = 11.66; DF = 2; Prob > v 2 = 0.0029).
Latencies of X and Y type neurons
When comparison of peak latencies was made by cell type (X and Y), there was a significant difference between NON-DEV and STRAB groups for the X cell class (Wilcoxon, p = .008), while for the Y cells, significant differences were found between NON-DEV and STRAB (p = .025) and NON-DEV and NORM groups (p = .030).
Variance appears to be larger in STRAB group X cells than in the other groups. This was investigated using ANOVA with log transform of the latencies to peak firing. A significant effect for the whole model (ANOVA, F = 3.05, p = .012) with a main effect of Treatment group (F = 3.73, p = .027) and a marginal effect of X/Y classification (F = 3.83, p = .052) was found. Significant relevant post hoc Treatment Â X/Y interactions for NORM cf NON-DEV and STRAB cf NON-DEV were found. The correlation between half-rise latency and latency to peak was much greater for the Y cells (adjusted r 2 = 0.61) compared with X-cells (adjusted r 2 = 0.27).
Incidence of lagged and non-lagged cells
Of the 143 neurons recorded, 30 were classified as Lagged, 113 as Non-lagged (NL) with an expected large difference in mean latency to peak firing (NL: 142 ms; L: 67 ms). Lagged neurons of both X-and Y-type were recorded. The cells classified as lagged also showed considerable variation in peak latency (up to 400 ms from stimulus onset to peak firing), and often demonstrated peak firing at the offset of the excitatory stimulus rather than onset. This has previously been noted (Humphrey & Weller, 1988; Mastronarde, 1987a) .
The encounter rate for all lagged geniculate neurons driven by one of the three experimental eye groups was assessed when X and Y cells were analysed together. Strikingly, no lagged receptive fields were found for the NON-DEV group. The percentages of lagged neurons recorded through the strabismic eye, non-deviating eye and normal eyes were STRAB 26.5%, NON-DEV 0%, NORM 24.3%.
Analysing L/NL incidence with respect to X/Y cell type using contingency Chi-squared analysis showed that the incidence of lagged X-cells in the STRAB group was higher than expected from the NORM group. Similarly, the incidence of lagged X-cells in the NON-DEV group (0%) was significantly lower than expected (see Table 1 ). Although the division into lagged and non-lagged classes was done on the basis of latency to half peak firing rate, a small subset of the total X-cells recorded showed a bimodally distributed poststimulus time histogram. Seven cells out of the total of 10 cells showing the two distinct bimodal components -an initial burst of activity followed by a slower sustained response, with this response pattern were identified as X-type driven through the strabismic eye. The spike trains were analysed for the presence of low threshold (LT) responses (Lu, Guido, & Sherman, 1993) . Lu et al. characterised LT responses by inter-spike times of less than 5 ms following a dormant period of at least 100 ms. A spike histogram from such a neuron with the contribution from short latency spikes filtered out and the total firing rate superimposed, is shown in Fig. 2 . The bimodal type of response reported above in the group of cells with an early peak then the slow rise to full peak firing rate has previously been noted in low threshold (LT) spike studies in the geniculate (Lu, Guido, & Sherman, 1993; Uhlrich, Tamamaki, & Sherman, 1990) , although perhaps not with the extreme delay in the secondary response as demonstrated in the cells found in the laminae of the LGN driven by the strabismic eye.
Modelling the effects of temporal dispersion in LGN cells
In order to investigate the significance of the altered incidence of lagged neurons a simple model was designed as described in §2.4, to illustrate one possible role of temporal dispersion in spatial processing of cortical neurons. Fig. 3a shows the schematic for a simulated modulation by a drifting grating of a cortical receptive field comprising 4 LGN cells afferents. The probability amplitude for firing of an example LGN cell is shown in Fig. 3b . The spatial Fig. 2 . Low threshold (LT) spike analysis was carried out off-line by analysing the recorded spike train for a gap in firing of 100 ms followed by very rapid spike bursts. The unit shown here (OFF-centre non-lagged X-cell) is represented by the overall PSTH (outline) and by the PSTH with LT spikes removed (filled plot). Note that if the LT spikes were removed, the remaining histogram would be classified as lagged type. The bar graph at the bottom of the trace represents the stimulus light level. transfer function of such an LGN cell is shown in Fig. 3c . The response at higher spatial frequencies indicates a noisy response and the dashed line indicates the mean level. When the lags are close to zero, the spatial performance of the cortical neuron mimics (through a simple summing mechanism) that of the individual LGN afferents. This is shown in Fig. 3d where cut-off frequencies have been calculated and the results plotted against the standard error of the random lags impinging on the cortical model neuron. The model has no intrinsic scale, however, it is clear that the peak spatial frequency responses for LGN receptive fields (Fig. 3c) corresponds to the fundamental fit of the grating to the receptive field profile (Fig. 3b) . It is also clear that variability in lag will not affect the peak or cut-off spatial frequency of each individual LGN cell.
Discussion
The hypothesis, that strabismic amblyopia is associated with changes in the lagged structure of geniculate cells, is well-supported both in terms of differences in latencies and prevalence of lagged and non-lagged cell classes between the STRAB and NON-DEV cells. The latency to peak firing of LGN X-type neurons driven by the strabismic eye were significantly greater than for the X-cells driven by the non-deviating eye. The greater variability observed in the X-cell class for latency compared with Y-cells may indicate a particular effect of LGN lags with respect to X-cells alone, or it may reflect differences in receptive field responses (sustained versus transient) where for sustained responses the peak latency may occur with some separation from the stimulus onset. Also, latencies to peak firing of cells driven by the non-deviating eye were significantly less than for the normal group for both X and Y-type cells. The differences in response latency between X and Y cells was far greater for the STRAB group (mean = 45 ms) than for the NON-DEV (mean = 8 ms) and NORM (mean = 10 ms) groups respectively. The significance of this large difference may lie with early pre-attentional features analogous to the (primate) magnocellular advantage and attention processes (Bullier, 2001; Hupe et al., 1998; Laycock, Crewther, & Crewther, 2007) , although it is clear that the magnitude of such differences is susceptible to the small number of animals in each group of this study. Possibly, the extra gap between the latencies of LGN X and Y in the STRAB group loses the connection between rapid dorsal (area PMLS) cortical activation by the Y cells prior to X-cell information arriving at visual cortex and reduces the ability of the Y cells to providing foreground background discrimination and other aspects of signalling of salience (Hupe et al., 1998; Super & Lamme, 2007) .
The significant lack of lagged neurons in the LGN driven by the non-deviating eye of esotropic strabismic cats requires consideration. Indeed no lagged neurons were found in the population of cells comprising the NON-DEV group. This 0/18 incidence should be considered against an expectation of 5/18 lagged cells based on the incidence in the Norm group, and could be viewed as a function of the small cell population recorded. Despite the association reported in strobe-reared cats between a lowered degree of directional selectivity in cortical receptive fields with a lowered incidence of lagged neurons (Humphrey, Saul, & Feidler, 1998 ), qualitatively we found no difference in directional selectivity of receptive fields in studies of cortical neurons driven by non-deviating eyes compared with strabismic or normally reared eyes (Crewther & Crewther, 1990) . The main similarity with strobereared cats is the breakdown of binocularly driven neurons in the tenotomy strabismus model (Crewther & Crewther, 1990; Hubel & Wiesel, 1965) . Thus, it is possible that the maintenance of binocular function requires a certain amount of temporal dispersion between the afferents of both eyes.
The percentages of lagged neurons recorded by other researchers has varied from roughly 30-40%, (Hartveit & Heggelund, 1992; Humphrey & Weller, 1988; Mastronarde, 1987b ) thus placing our finding for the NORM group (24.3%) on the low end of the range. The role of the lagged and non-lagged classes still remains a puzzle, because the idea that they might form the basis for the generation of direction selectivity in cortical neurons does not seem to hold sufficient weight (Peterson, Li, & Freeman, 2004) . While brainstem stimulation studies have demonstrated that latencies are quite able to be modulated under such stimulation conditions, the two classes remain separable Hartveit, Ramberg, & Heggelund, 1993; Saul, 2008a) , the developmental consequences on lagged cell prevalence of rearing kittens or young primates with altered brainstem input, as might result from muscle disinsertion or paralysis have not been fully investigated.
Some neurons were found in the current study that appeared to reflect the burst/tonic modes reported for LGN neurons (McCormick & Feeser, 1990; Steriade & Llinas, 1988) . The burst mode is thought to result from low threshold Ca 2+ spikes (Lu, Guido, & Sherman, 1993) . However, while a small proportion (6%) of the neurons studied here were shown to possess low threshold spikes, their incidence is not sufficient to explain the overall differences in incidence found. Rather, the neurons generating LT spikes appear to extend the differences found between the NON-DEV and STRAB groups. No burst mode cells were recorded in the NON-DEV group, while the majority of those found were from the STRAB group. Further research is required to understand whether these burst/tonic modes interact with classifications into lagged and non-lagged classes -especially as the relative burst/-tonic amplitudes are modifiable by parabrachial stimulation (Uhlrich, Tamamaki, & Sherman, 1990 ). In addition, approximately 40-50% of LGN neurons have been shown to be sensitive to passive eye rotation (Lal & Friedlander, 1989) , although there was no division of neurons in their study into lagged and non-lagged classes.
Hence it is plausible that developmentally, a short interruption to the extra-ocular feedback and corollary discharge mechanisms that would accompany the disinsertion of the lateral rectus muscle in order to create the esotropia, may upset the normal activation of the geniculate triadic synapses, particularly for the lagged cell class. In addition, strabismic cats (similar to strabismic amblyopic humans (Von Noorden, 1996) ) do not naturally fixate with the esotropic eye, (often showing a nystagmic instability when asked to fixate with the strabismic eye alone) suggesting that the stream of extraocular afferent information is affected into adulthood, creating a continuous imbalance in LGN afference from the strabismic eye. The simple computational model, described in detail in the Results section, while artificial, very easily demonstrates the spatial effects of superposition of multiple LGN receptive fields, each with normal acuity, but varying lags onto a cortical neuron. It is clear that as the variance in lags increases, the spatial performance of the cortical neuron tends to fall off. Thus, the effect of temporal dispersion of lags on the performance of cortical receptive fields in response to drifting gratings is to create a low-pass spatial filter with high spatial frequency response relatively suppressed, but low spatial frequency response maintained. These are exactly the changes observed in cortical receptive fields of such strabismic cats that do not show a loss of directional selectivity nor show an increase in receptive field size (Crewther & Crewther, 1990; Freeman & Tsumoto, 1983) . However they do show a mean loss of acuity (as measured by spatial frequency cut-off) of about one octave. Such amblyopia at the level of striate cortex is not as great as the behavioural measure (Cleland et al., 1982) , however, the possible disruption of the X/Y version of the 'magnocellular advantage ' Laycock, Crewther, and Crewther (2007) with implications for spatial attention, could contribute to further visual loss. Also, the mixing of response phases, as proposed here, could also explain the observations from some strabismic amblyopic subjects (Hess, Campbell, & Greenhalgh, 1978) , where gratings, although seen, were reported to be spatially disorganised.
Conclusion
Proposed mechanism of amblyopia
Thus we propose a neural mechanism for feline strabismic amblyopia in which lowered striate cortical acuities of cells result from increased temporal dispersion of the X cell geniculate afferents that converge on to the cortical neuron from the strabismic eye. The increased dispersion of latencies in the strabismic eye presumably results from unitary dominance of fixation by the non-deviating eye. The model accords with the observation of good firing of cortical neurons at lower spatial frequencies by the amblyopic eye, and balanced cortical ocular dominance between the two eyes, but without affecting the size of the classical minimal receptive field. In addition, the suggested role of differences in X/Y latency differences with regard to attention involved in early recognition processes such as foreground/background segmentation are such that the simultaneous stimulation of the two eyes of a strabismic cat is likely to also result in an attentional advantage to the non-deviating eye, resulting in possible suppression at higher cortical levels of the image through the strabismic eye.
